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Abstract 
With the double layer structure model, the effect of temperature field and thermal stress on material removal of insulating 
ceramics Si3N4 during the machining process by reciprocating traveling wire electrical discharge machining (WEDM) was 
simulated and analyzed. The distributions of temperature filed in C conductive layer and Si3N4 and double layer structure model 
during single electrical discharge were compared. And the influences of peak current, pulse duration and the movement speed of 
wire electrode to discharge craters were researched. The simulation shows that the conductive layer on insulating ceramics makes a 
larger effect on thermal transmission in the radius direction of discharge crater when discharge occurs. The simulation for 
temperature field tells that, with the boiling removal form hypothesis, the material removal volume during single discharge is 
increasing with the increment of peak current and pulse duration but decreasing with the raising of wire electrode movement speed. 
Meanwhile, in the simulation of thermal stress, the material removal form for Si3N4 is mainly to be boiling when peak current less 
than 20A (Ton V=8m/s). And when peak current is beyond 20A, the effect of thermal stress is becoming obvious gradually. 
With the variation of pulse duration, spalling material removal form is included in the material removed process when Ip=32A. 
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1. Introduction 
For the excellent material properties, insulating 
ceramics are widely used in the fields of aerospace, 
petrochemical industry, mechanical manufacturing, 
medical, and so on. Workpieces which are made of 
ceramics, such as moulds, turbines of the aero-engine, 
and the spindles, are drawing much more attentions for 
their good performance in the industry field. Insulating 
ceramics are very difficult to machine by the traditional 
cutting methods for the properties of high hardness, high 
strength and very brittleness. The major problem exist in 
the cutting manufacturing process for ceramics is the 
tool wear which result in the lower machining efficiency 
and the higher processing cost. That restricts the 
application and development of insulating ceramics. 
Electrical discharge machining (EDM) is the key 
manufacturing method in modern manufacturing field 
for its non-contact machining and processability for 
many difficult-to-cut materials. But for the low 
conductivity, insulating ceramics can not be machined 
directly by EDM. In 1990s, the assisting electrode 
method was invented by professor Mohri and 
Fukuzawa[1]. Since then, the EDM of insulating ceramics 
is widely researched by many scholars. In 2002, Mohri 
and Fukuzawa[2] applied the assisting electrode method 
to wire electrical discharge machining (WEDM). Effect 
of the tension imposed on wire electrode, the assisting 
electrode materials and the processing parameters on 
material removal speed, quality of machined surface and 
the surface properties of workpieces were studied[2,3]. 
Professor Bert Lauwers researched the processing 
characteristics and material removal mechanism of 
ZrO2-based ceramics composites on WEDM method[4,5]. 
Scholars in China are studying the discharge 
characteristics and material removal mechanism of the 
WEDM for insulating ceramics on reciprocating 
traveling WEDM machine. 
It is well known that the discharge process in WEDM 
is composed of the building of arc plasma, the material 
removal of workpiece electrode and tool electrode and 
the deionization discharge gap. At the same time, the 
discharge process is difficult to observe online easily.  
Available online at www.sciencedirect.com
© 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of Professor Bert Lauwers
Open access under CC BY-NC-ND license. 
Open access under CC BY-NC-ND license. 
411 P.J. Hou et al. /  Procedia CIRP  6 ( 2013 )  410 – 415 
Meanwhile, the material removal mechanism is very 
complex mainly including melting, gasification, spalling 
and so on. The clearly of insulting ceramics material 
removal mechanism and removal properties are 
extremely important for understanding the WEDM of 
insulating ceramics. So, in order to analyze the Si3N4 
properties with reciprocating 
traveling WEDM, the temperature field and thermal 
stress field during single discharge were analyzed with 
the FEM method. 
2. Physical model and the double layer structure 
model 
2.1. Physical model and heat source 
According to S. H. Yeo s study[6], the energy of 
discharge contains the energy absorption by workpiece, 
energy absorption by tool electrode and the arc plasma 
energy. And the transmission form of energy is 
including heat conduction, radiation and convection and 
so on. Engineer Weiliang Zhang[7] studied the discharge 
characters during reciprocating traveling WEDM, and 
the conclusion that movement speed of arc plasma is 
about one half of the speed of wire electrode was got. 
Additionally, considering the material removal during 
discharge of WEDM for insulating ceramics can be 
divided into tow parts which are the removal of assisting 
electrode and the ceramics. Thus the established physical 
model for simulation can be described as Fig. 1. 
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Fig. 1. The physical model for simulation 
What s more, radiation and convection are neglected 
during the discharge process simulation for low percent. 
Based on the research of P. T. Eubank[8] and Heng Xia[9] 
about the discharge energy distribution in anode and 
cathode, energy absorbed by workpiece is selected as 
30%. The transmission form of energy distributed in 
workpiece is heat conduction. Also, gauss heat source is 
selected as the heat source which can be described as 
equation (1). 
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Where q(r) is the heat flux at the radius of r, k is the 
heat concentration coefficient (k=3 in the simulation), 
R(t) is the radius of arc plasma at the moment of t,  is 
the energy distribution coefficient (  is settled as 0.3 in 
this simulation), U is the voltage between anode and 
cathode during discharge occur (U=25V), I is the peak 
current and r is the distance from the center of arc 
plasma. 
2.2. Double layer structure model 
As is known, the conductive layer is essential for the 
electrical discharge machining of insulating ceramics. 
For simulating the actually discharge condition, double 
layer structure model of workpiece is determined which 
is shown in Fig. 2 where Fig. 2(a) is double layer 
structure model and Fig. 2(b) is showing the generated 
mesh. Refer to the study of Mohri[2,10] and Deng[11], the 
main content of conductive layer is C and SiC based on 
the SEM and X-ray diffraction analysis. So, in this 
simulation analysis, the conductive layer is defined as C 
(carbon) while the matrix is Si3N4.  
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Fig. 2. (a) Double layer structure model; (b) Generated mesh  
The study of Mohri and Fukuzawa shows that 
thickness of conductive layer generated on Si3N4 after 
WEDM is 9.7 [11]. In order to value the thickness of C 
layer, some experiments were carried out on the 
reciprocating traveling WEDM machine. The thickness 
of conductive layer which ranges from 5  to 10  is 
detected from the cross section of Si3N4 after WEDM by 
VHX-1000 microscope. Then the thickness of C is 
defined as 6  in the simulation. 
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3. Temperature field analysis  
3.1. Influences of  the conductive layer material to 
thermal transmission 
Aiming at study the influence of conductive layer 
material on the thermal transmission during WEDM 
both in the radius and depth direction of discharge crater, 
the distributions of temperature along the two directions 
about pure C, pure Si3N4 and double layer structure 
material with the same processing parameters are 
compared. Fig. 3 presents the distribution of temperature 
along radius and depth direction separately. The result 
that temperature gradient in pure C is bigger than in pure 
Si3N4 both along radius and depth direction which can 
be drawn from Fig. 3(a) and Fig. 3(b). It is caused by the 
larger specific heat capacity and thermal conductivity of 
C than that of Si3N4 which is describing in Fig. 3(c). 
Additionally, along the radius direction, the temperature 
gradient of double layer structure material is 
approximate to the condition of pure C. Whereas the 
temperature gradient of double layer structure material 
in the depth direction is similar to the condition of pure 
Si3N4. That is to say, the conductive layer exist has more 
influence on the thermal transmission along the radius 
direction. 
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Fig. 3. (a) Distributions for temperature along radius direction in pure C model, pure Si3N4 model and double layer structure model; (b) 
Distributions for temperature along depth direction in pure C model, pure Si3N4 model and double layer structure model; (c) Specific heat capacity 
Cp and thermal conductivity kT of Si3N4 and C 
3.2. Effect of pulse duration and peak current and 
movement speed of wire electrode on discharge crater 
Pulse duration (Ton) has an effect on the performance 
time of discharge energy that transmitted into workpiece 
and the variation of arc plasma diameter. Meanwhile, 
peak current (Ip) has a great influence to the 
instantaneous heat flux. Simultaneously, the movement 
speed of wire electrode (V) impacts the movement of arc 
plasma during WEDM. So the effects caused by 
variation of Ton and Ip and the V are studied in this 
section. To verify the effect brought by the discharge 
parameters, either the material removal volume or the 
dimension of discharge crater during single discharge 
are analyzed. During the simulation Ip is fixed as 8A 
when varied Ton and Ton is setup as 20  when 
changing Ip. Both in these two simulations, V are 
selected as 8m/s (the movement speed of arc plasma is 
4m/s according to Zhang s research). Meanwhile, the 
changing range of V is from 6m/s to 12m/s which is the 
commonly setup in reciprocating traveling WEDM. 
Additionally, the condition of V=0m/s is also considered 
for a comparison. In order to realize the removal of 
material, one hypothesis that complete removal of 
material in discharge crater when temperature higher 
than the boiling point of material is established. 
Fig. 4 is showing the variations of material removal 
volume both on conductive layer and ceramic. While Fig. 
5 is depicting the dimension variation of discharge crater 
with the changing of Ton, Ip and V. In Fig. 4(a) and Fig. 
4(b), the material removal volume both of conductive 
layer and ceramic is increasing with the increment of 
Ton and Ip. Particularly as the increasing of Ton, the 
growing rate of total material removal volume is 
becoming slow gradually. Meanwhile, the removal 
volume for conductive layer is increasing approximate to 
the same as that of ceramic when Ton is 60 . It can be 
inferred that when Ip is smaller while Ton is settled 
much bigger, the mainly removal of material maybe the 
removal of conductive layer. From Fig. 4(b), it can be 
seen that the variation rate of removal volume of 
ceramic is similar to the condition of total material 
removal rate. It implicates that the increasing of Ip is 
helpful for the improvement of machining efficiency. As 
the increment of V, the total material removal volume is 
decreasing gradually and the removal volume of ceramic 
is decreasing in the same tendency. That is because the 
growing of V makes the movement speed of arc plasma 
increasing which is causing dispersion of discharge 
energy. This reduction of transient energy density is 
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leading to the reducing of material removal volume. 
When V is beyond  9m/s, the removal volume of 
conductive layer is more that of ceramic which can also 
be concluded from Fig. 5(c). In Fig. 5, it is obvious 
depict that, the length of crater is increasing remarkably 
in the same tendency with the variation of discharge 
parameter (Ton, Ip and V). That is mainly the reason of 
movement of arc plasma. The changing of width and 
depth of craters  is not very significant as the variation 
of Ton which can be seen in Fig. 5(a). In the condition of 
Ip is settled as a constant, the arc plasma becoming 
wider and wider with the progressive of electrical 
discharge, then the diameter of arc plasma tends to 
stabilization.  So, in the following discharge progress, 
the influence of heat flux in arc plasma on thermal 
transmission in crater s width and depth direction 
becomes smoothly. That s the reason why the crater s 
width and depth tends to stabilization when just 
changing Ton. 
s
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Fig. 4. (a) Variation of material removal volume as the increment of Ton; (b) Changing of material removal volume with the increment of Ip; (c) 
Variation of material removal volume as the increment of V 
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Fig. 5. (a) Variation of craters  dimension as the increment of Ton; (b) Variation of craters  dimension with the increment of Ip; (c) Variation of 
craters  dimension as the increment of V 
4. The influence of thermal stress on material 
removal during WEDM 
The thermal transmission during electrical discharge 
in workpiece effects the distribution of temperature field 
and then the removal of material. Meanwhile, thermal 
stress generated in thermal transmission presents another 
important material removal form which is spalling. In 
the study of influence of thermal stress on the material 
removal, the material removal volume is selected as the 
object of investigation. The discharge parameters that Ip 
and Ton are investigated during the simulation for 
thermal stress. The second material removal hypothesis 
that the material removed when thermal stress exceeds 
the material permissible stress is established. In this 
section, for investigating the effect of thermal stress to 
material removal, the removed volume that got with both 
the two hypotheses is compared with the removal 
volume when only adopting the first hypothesis.  
The influence of peak current on material removal 
volume under the different removal hypotheses is 
showing in Fig. 6. The material removal volume is 
increasing with the increment of peak current with both 
the two criterions. The variation tendency of curves in 
Fig. 6(a) depicts that when Ip is less than 20A the 
material removal volume got with both the two removal 
hypotheses is almost the same as the condition when just 
adopting the first hypothesis. That can be inferred, when 
peak current is less than 20A, thermal stress generated 
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during electrical discharge doesn t reach to the material 
permissible stress both of ceramic and conductive layer 
significantly. For ceramic-Si3N4, the material removal 
form in this stage maybe boiling and the influence of 
thermal stress on material removal is not remarkable. 
The effect of spalling for material removal is becoming 
obvious gradually when Ip larger than 20A. It is worth to 
mention that, in Fig. 6(c), thermal stress has little effect 
on the removal of conductive layer with the variation of 
peak current.  
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Fig. 6. (a) Variation of total material removal volume with the increment of peak current under different material removal hypotheses; (b) Variation 
of ceramic removal volume as the increasing of peak current; (c) Variation of conductive layer removal volume as the increment of peak current 
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Fig. 7. (a) Variation of total material removal volume with the increment of pulse duration under different material removal hypotheses; (b) 
Variation of ceramic removal volume as the increasing of pulse duration; (c) Variation of conductive layer removal volume as the increment of 
pulse duration 
Fig. 7 is the variation of total material removal 
volume under the different pulse duration. Except when 
Ton lie in a small range (1  to 3 ), the total material 
removal volume that got with both the two hypotheses is 
bigger than the volume got when only considering the 
first hypothesis which can be seen in Fig. 7(a). 
Meanwhile, curves in Fig. 7(c) have the same tendency 
as in Fig. 6(c). That is to say the material removal form 
for conductive layer is mainly boiling, which maybe the 
reason of very high temperature in arc plasma. Because 
the thickness of conductive layer is only a few 
micrometers, the high temperature during electrical 
discharge may cause transient vaporization for this 
region. But in body of ceramic the distribution of 
temperature is in the form of gradient. When thermal 
stress caused by temperature gradient is bigger than the 
material permissible stress, the material will be 
destroyed even the temperature in this region less than 
the material boiling point. 
5. Conclusions 
Double layer structure model is established for the 
simulation of temperature field and thermal stress, the 
effects of peak current, pulse duration and the movement 
speed of wire electrode on discharge crater are studied. 
The obtained results are summarized as follows: 
1. The simulation shows that the conductive layer on 
insulating ceramics makes a larger effect on thermal 
transmission in the radius direction of discharge 
crater than in depth direction. 
2. With the boiling removal form hypothesis, the 
material removal volume during single discharge is 
increasing with the increment of peak current and 
pulse duration but decreasing with the raising of 
wire electrode movement speed. 
3. For the variation of peak current, the material 
removal form for Si3N4 is mainly to be boiling when 
peak current less than 20A (Ton=5  and V=8m/s). 
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And when peak current is beyond 20A, the effect of 
thermal stress is becoming obvious gradually. 
4. With the variation of pulse duration, spalling 
material removal form is included in the material 
removed process when Ip=32A. 
Acknowledgements 
The authors would like to acknowledge the support 
of National Natural Science Foundation of China (NO. 
50875065) and Harbin Innovation Fund (NO. 
2012RFXXG076). Also, the authors would like to thank 
the researchers and professors in the Laboratory of Non-
traditional Machining in HIT for their support. 
References 
[1] Naotake Mohri, Yasushi Fukuzawa, Takayuki Tani, 1996. 
Assisting electrode method for machining insulating ceramics, 
Annals of the CIRP, 45(1), p.201-p.204. 
[2]  Naotake Mohri, Yasushi Fukuzawa, Takayuki Tani, Toshio Sata, 
2002. Some Considerations to Machining Characteristics of 
Insulating Ceramics, Annals of the CIRP, 51(1), p.161-p.164. 
[3] Takayuki Tani, Yasushi Fukuzawa, Naotake Mohri, Nagao Saito, 
Masaaki Okada, 2004. Machining phenomena in WEDM of 
insulating ceramics, Journal of Materials Processing Technology, 
149, p.124-p.128 
[4] B. Lauwers, K. Brans, W. Liu, J. Vleugels, S. Salehi, K. 
Vanmeensel, 2008. Influence of the type and grain size of the 
electro-conductive phase on the Wire-EDM performance of 
ZrO2 ceramic composites, CIRP Annals - Manufacturing 
Technology, 57, p.191-p.194. 
[5] K. Bonny, P. De Baets, J. Vleugels, A. Salehi, O. Van der Biest, 
B. Lauwers, W. Liu, 2008. Influence of secondary electro-
conductive phases on the electrical discharge machinability and 
frictional behavior of ZrO2-based ceramic composites, Journal of 
Materials Processing Technology, 208, p.423 p.430 
[6] S. H. Yeo, W. Kurnia, P. C. Tan, 2008. Critical assessment and 
numerical comparison of electro-thermal models in EDM, 
Journal of Materials Processing Technology, 203, p.241-p.251 
[7] Weiliang Zhang, 1979. Discharge characters during 
reciprocating traveling WEDM, Proceedings of the 3rd 
Symposium on Electromachining of China, p.98-p.106 (in 
Chinese) 
[8] Philip T. Eubank, Mukund R. Patel, Maria A. Barrufet, Bedri 
Bozkurt, 1993. Theoretical Models of the Electrical Discharge 
Machining Process III. The Variable Mass Cylindrical Plasma 
Model, J. APPI. Phys., 73(11), p.7900-p.7909 
[9] H. Xia, M. Kunieda, etc, 1994. Measurement of Energy 
Distribution into Electrode in EDM Process, Advancement of 
Intelligent Production, p.601-p.606 
[10] Naotake Mohri, Yasuhiro Fukusima, Yasushi Fukuzawa, 
Takayuki Tani, Nagao Saito, 2003. Layer Generation Process on 
Work-piece in Electrical Discharge Machining, CIRP Annals - 
Manufacturing Technology, 52(1), p.157-p.160 
[11] Guanqun Deng, 2010. Research on WEDM for Insulated 
Ceramics and Si3N4 Machining Technology, Doctor degree 
dissertation, p.102-p.105 (in Chinese) 
 
